Introduction
Manganese (Mn) is an essential element occurring naturally in air, water, and soil. In humans, Mn is present in all tissues of the body, playing an important role in maintaining various biological processes. Mn is necessary for proper functioning of many cellular enzymes, such as Mn superoxide dismutase and glutamine synthetase Aschner et al., 2007) . In addition, Mn is required for immune function, regulation of cellular energy and blood sugar, lipid and carbohydrate metabolism, skeletal cartilage development, and brain functions (Aschner, 2000) . Mn intake is primarily from ingestion of food. Adults consume Mn ranging from 1 to 10 mg Mn per day in the diet, of which about 1-5% is absorbed by the gut (ATSDR, 2012; Freeland-Graves, 1994) . Despite fluctuation in daily dietary Mn intake, basal steady-state Mn levels in the body are maintained through homeostatic mechanisms by controlling intestinal absorption and biliary excretion of Mn Klaassen and Amdur, 1996; Teeguarden et al., 2007a) . In contrast, exposure to Mn from drinking water is in general substantially lower than that from food. The intake of Mn from drinking water for an adult is approximately 20 μg/day, assuming a median concentration of 10 μg Mn/l determined in the National Inorganic and Radionuclide Survey (NIRS) and a daily water intake of 2 L (Dieter et al., 1992) .
1 Mn exposure from ambient air doses, especially by inhalation, may lead to Mn toxicity. Neurological symptoms, known as manganism, a Parkinson's disease like condition, have been well-documented after prolonged inhalation of high occupational exposure to Mn (> 1 mg/m 3 ) containing dusts from mining activities (Cook et al., 1974; Roels et al., 1999) . In addition to inhalation exposure, long-term parenteral exposure to Mn, as well as impaired Mn clearance due to liver dysfunction, cause similar neurological effects, indicating that dose to target tissue is the determining factor in toxicity regardless of exposure route (Iinuma et al., 2003; Ljung and Vahter, 2007; McKinney et al., 2004) . Neurotoxic responses accompanied by excessive exposure to Mn are associated with increased Mn concentrations in affected tissues (Schroeder et al., 1966) . Mid-brain structures, such as the striatum and globus pallidus that regulate motor functions, preferentially accumulate Mn and, as such, are considered target tissues for Mn neurotoxicity Dorman et al., 2000) . Increased exposure to Mn and/or liver injury can compromise homeostatic regulation of Mn, leading to elevated Mn levels in blood and tissues and toxicity (Guilarte, 2010) . In contrast to the concern for Mn toxicity following occupational inhalation exposure and other unintentional over-dose conditions in humans, toxicity of Mn following oral exposure has not traditionally been of large concern due to a lack of evidence of toxicity. This conclusion is consistent with efficient homeostatic control of body Mn for oral exposure. More concern has been raised regarding toxicity after inhalation, as relative absorption of Mn is higher in the lung than in the gut (Nong et al., 2009; Teeguarden et al., 2007a) . However, when exposed to a higher than normal dietary level of Mn, neurotoxicity has been reported in a few studies, particularly those evaluating infants and children (Dion et al., 2018; Hatano et al., 1983; Ljung and Vahter, 2007; Rahman et al., 2017; Sakai et al., 2000) . Less is known about regulation of absorption of Mn consumed in drinking water, leading to growing concern about environmental Mn exposure and children's health related to this route of exposure (Zoni and Lucchini, 2013 ). Some studies have described an apparent association between Mn intake from drinking water and neurobehavioral disorders in children (Dion et al., 2018; Rahman et al., 2017; Woolf et al., 2002) . In addition, epidemiological studies conducted in Japan and Greece reported that excessive Mn exposure from drinking water containing high levels of Mn (1.8-28 mg Mn/l) were associated with adverse neurological symptoms of Mn toxicity in the elderly (Kawamura et al., 1941; Kondakis et al., 1989) .
Despite the increasing interest surrounding exposure to Mn from drinking water, the relative levels of bioavailability of Mn from drinking water compared to ingestion in food was a major data gap. A recent study examined Mn tissue distribution in rats exposed to Mn through various oral exposure with constant total Mn intake, but differentially distributed between diet and drinking water (Foster et al., 2015) . Our objective was to evaluate the bioavailability of Mn from drinking water and solid food diet from this rat study using a published adult rat PBPK model for Mn (Nong et al., 2009) . To perform this evaluation, the model structure and parameters controlling absorption of Mn from the intestines were determined by simulating the data sets with the PBPK model. Based on this modification in the rat model, we then added these new insights regarding Mn uptake from drinking water into a human Mn-PBPK model (Schroeter et al., 2011) . Finally, this enhanced human model was exercised to simulate several published human drinking water studies (Lucchini et al., 2012; Nascimento et al., 2016; Wasserman et al., 2006) .
Materials and methods

PBPK model structure
We modified an adult rat PBPK model (Nong et al., 2009 ) that had dietary and inhalation exposure routes to include Mn exposure from drinking water. The model has blood, bone, liver, lung, nasal cavity, and brain (cerebellum, olfactory bulb, and striatum) compartments. Remaining body tissues were combined to a single compartment (rest of body). This model (Fig. 1) has the capacity to simulate concomitant exposure to inhaled, dietary and drinking water Mn in addition to 54 Mn tracer kinetics by intravenous administration. Among the model parameters, fractional uptake (Fdietup) of Mn in the gastro-intestinal (GI) tract and biliary excretion rate constant (Kbilec) are important to maintain Mn homeostasis from oral exposure, and were examined to see if drinking water uptake was controlled in a similar manner. Supplemental Table S1 shows that Mn absorption from the GI tract and biliary elimination are dose-dependent (Nong et al., 2009) : as dietary Mn levels increase, GI uptake decreases and biliary excretion of Mn increases (Dorman et al., 2001; Teeguarden et al., 2007b) . However, when Mn exposures are excessive, the homeostatic controls can be overwhelmed, resulting in disproportionate increases in free Mn concentrations in tissues and blood in relation to total dose. These key dose-dependent parameters were estimated based on data sets providing steady-state tissue concentrations following specific dietary or inhalation exposures to Mn (Nong et al., 2009; Nong et al., 2008) . The two parameters describing dose-dependent Mn uptake and elimination, i.e., Fdietup and Kbilec, were originally inferred from the pharmacokinetic modeling results using five different whole-body Mn elimination studies including dietary balance and biliary elimination studies with both acute and chronic exposure durations in rats (Teeguarden et al., 2007a) . Modeling results indicated that as dietary Mn intake increases from low sufficiency to sufficiency, control of Mn (Nong et al., 2009 ) was amended to include drinking water intake. In each tissue compartment, there is a binding capacity (B tissue ) with tissue binding affinity determined by association and dissociation rate constants (k a and k d ). Free Mn moved in the blood throughout the body and was stored in each tissue as bound Mn (Mn b ). Influx and efflux diffusion rate constants (k in and k out ) regulate preferential increase in free Mn in different brain regions. QP, QC, and Q tissue represent pulmonary ventilation, cardiac output and corresponding tissue blood flows. homeostasis shifts from largely by gut uptake to both by gut uptake and biliary elimination. These earlier pharmacokinetic modeling efforts served as a basis for estimating dose-dependent uptake (Fdietup) and elimination (Kbilec) of Mn parameters across a wide range of dietary Mn levels in later Mn PBPK models in rats by Nong et al. (2008 and . A description of the estimation process using this model to describe the tissue Mn kinetics is provided in the Supplemental Materials. For further details of the model parameters and underlying equations, refer to Nong et al. (2008 Nong et al. ( , 2009 ).
Summary of a controlled drinking water exposure study in rats
Mn tissue concentrations were from a study including both drinking water and dietary Mn exposure (Foster et al., 2015) . Adult male rats (n = 8 per treatment group) were allocated to control diet (10 ppm), high Mn diet (200 ppm), or a 10 ppm Mn diet supplemented with Mn chloride (MnCl 2 ) in drinking water designed to provide the same total Mn dosage (mg Mn/kg BW/day) as the high Mn diet group (Fig. 2) . This was achieved by using the weekly average feed consumption in the high-dose diet Mn group (mg Mn//kg/day) to determine the Mn concentrations needed in the drinking water to provide a similar exposure (mg Mn/kg/day) based on average weekly water consumption rates and body weights (Foster et al., 2015) . Mn concentrations in striatum, olfactory bulb, cerebellum, liver and femur samples were measured following 7 or 61 days of treatment. Model parameterization was performed by fitting the PK model to these measured tissue concentrations.
Model parameterization in the rat
The physiological parameters for the adult rat (Supplemental Table  S2 ), were kept the same as those published by Nong et al. (2009) . The estimation of the homeostatic control model parameters was performed based on tissue concentrations from rats following these three Mn exposure scenarios (Foster et al., 2015) (Supplemental Table S3 ). The major update provided by the current study was evaluation and refinement of the terms for fractional absorption of dietary Mn (Fdietup) for both diet and drinking water. Compared to biliary excretion, adaptations of gastrointestinal uptake with changes in dietary Mn intake levels have a greater role in maintaining Mn homeostasis over longer periods of time (Nong et al., 2009 ). For the current evaluation, we expected that the major determinant of net Mn uptake and tissue kinetics for longer term adaptation after changes in the level of oral dosing would largely depend on homeostatic control of Mn uptake by the gut (Andersen et al., 1999; Davis et al., 1993; Finley and Davis, 1999) . Because the experimental design provided two high dose groups with similar total Mn intake rate (mg Mn/kg BW/day), we determined the Mn dose from the nominal concentration in diet (ppm Mn/day) in relation to the total ingested rate (mg Mn/kg/day). This factor was used as an input in the model.
Parameterization at steady-state for a normal or high concentration Mn diet in rats
Initial concentrations in each tissue were calculated with the model to provide parameters consistent with the day 7 Mn concentrations in the 10 ppm control group. Maximum tissue binding capacity for each tissue (B max, tissue ) was then varied to fit the steady-state tissue concentration reported on day 61 for the 10 ppm group. This parameter is study-specific as slightly different steady-state tissue Mn concentration had been observed. When compared to previously estimated Bmax values (Nong et al., 2009) , the difference ranged between 10% and 65%. Bmax values were considered study-specific since it has been observed that different batches of rats have slightly different steady state tissue Mn concentrations. Starting with previously estimated Fdietup and Kbilec values (Nong et al., 2009 ), these two parameters for the control diet and high-dose dietary Mn groups were varied until there was consistency with the measured tissue steady-state Mn concentrations on day 61 in rats administered 10 ppm or 200 ppm Mn diet, respectively.
Parameterization at steady-state for high concentrations of Mn in drinking water of rats
Three scenarios were tested by simulation to evaluate the Mn bioavailability from drinking water across the two dose levels. In the first scenario, estimates of Fdietup and Kbilec for 10 ppm diet were used to simulate the control group tissue concentrations with the hypothesis that background dietary concentrations determine homeostatic control of GI Mn uptake regardless of the drinking water dose. Next, the bioavailability of Mn in drinking water was considered to be larger than that for dietary Mn diet. Here, we kept the same values for Kbile with larger values for Fdietup for water compared to the values used for simulations of the tissue concentrations in rats administered 200 ppm Mn in diet. Finally, to test the hypothesis that total ingested Mn is a determinant of homeostatic control of Mn uptake, the estimates of Fdietup and Kbilec used for the 200 ppm dietary exposure simulations were applied for simulation of the experimental data in rats administered 200 ppm Mn in drinking water.
Modifications to the existing human model
After implementation of the drinking water model for the rat, the same structure with constant Fdietup for both diet and drinking water was added to a PBPK model developed for humans (Schroeter et al., 2011) . To simulate the exposure scenarios including drinking water intake, we also added an ability to adjust Fdietup as a function of dose since adding additional intake through drinking water intake could result in a higher daily intake compared to the default daily intake of 3 mg/day used in the previously published model (Schroeter et al., 2011) . The original human model did not include automated dose-dependencies for Fdietup. Here, we added an equation to adjust Fdietup as a function of total intake (mg Mn/day). Values for Fdietup were estimated for oral intake values varying from 3 to 10 mg Mn/day with an Fig. 2 . Experimental design of a controlled drinking water study in rats (Foster et al., 2015) . Note that water concentration in Group 3 (mean 0.16 mg Mn/ml) was adjusted weekly to provide a similar Mn total dose as ingested by the rats in Group 2 on the 200 ppm diet (i.e., 11.1 mg Mn/kg/day). increment of 1 mg Mn/day so that the blood concentrations remained constant at steady state over the complete range. For lower than 3 mg/ day, the Fdietup values were estimated based on the intake values tested in Freeland-Graves et al. (1988) -from 1.21 to 3.79 mg/day. Non-linear regression analysis was used to fit a Gompertz growth curve to the Fdietup values generated as a function of daily oral exposures (mg Mn/ day) calculated from our model (See Supplemental Materials for details) (Freeland-Graves et al., 1988) . The resulting Gompertz equation was added to the human model to provide different Fdietup depending on total daily oral intake. Note that this equation is intended for simulating the Mn exposure within a range considered normal daily intake and is not meant to be used above an intake of 10 mg Mn/day or below 1 mg Mn/day.
Human model simulations
A PubMed search was conducted to identify human drinking water studies that provided information on (1) blood concentrations of Mn and (2) concentrations of Mn in both drinking water and the diet. Identification of studies with the appropriate data provided potential datasets to simulate using the revised human PBPK model. The ability of the modified human PBPK model to simulate these datasets increases the confidence in the model and its potential use in conducting dosimetry-based human health risk assessments.
Identification of human model validation data sets
Three publications meeting this criteria for inclusion were identified (Lucchini et al., 2012; Nascimento et al., 2016; Wasserman et al., 2006) . Lucchini et al. (2012) conducted a study in adolescents (aged 11-14 years) from two areas in Valcamonica, Italy. Two different sites were included in this study: the first in Valcamonica (VC), an area with historical (up until 2011) ferroalloy plant activity, and the second control site in the Garda Lake (GL) area, which has no history of industrial ferroalloy plant activity. At each site, airborne particulate matter was measured using 24-h personal air monitoring devices at each participant's house. Water was sampled from the home tap and examined for Mn by a method with a lowest detection limit (LDL) of 1 μg/l. Two to four surface soil measurements were taken in the yards of the homes of a selected number of subjects and averaged. In addition, a Food Frequency Questionnaire was used to estimate the daily dietary intake of Mn by the participants in the study. Individual Mn concentrations were also measured in total blood, hair and urine. Lucchini et al., 2012 reported an oral dietary intake of 2.91 ± 1.5 mg/day (median 2.66, range 0.72-9.46) for all participants, with no differences between the two sites. Water concentrations of Mn were all below the LDL of 1 μg/l. The distributions of blood, air and soil Mn, reported by Lucchini et al. (2012) , are provided in Table 1 . While this study reported Mn concentrations for air, diet, drinking water and soil, the Wasserman et al. (2006) and Nascimento et al. (2016) studies only reported Mn concentrations in drinking water. The Wasserman et al. (2006) study was conducted in 10-year-old males in Bangladesh, all from farmland areas where drinking water was provided by tube wells with water arsenic concentration ≤10 μg/l. This study reported information on body weight of the subjects as well as drinking water and blood Mn concentrations. The Nascimento et al.
(2016) study was conducted in 6 to 12-year-olds of both genders in two areas (one rural and one urban) of Southern Brazil. The rural area was an agricultural area, and the urban area was a college town. This study reported blood and hair Mn in addition to Mn in drinking water.
Two of the three studies (Lucchini et al. (2012) and Wasserman et al. (2006) ) reported blood Mn levels that fall within the normal expected range for children aged 6 to 14 years of age. By contrast, the Nascimento et al. (2016) study reported blood Mn concentrations that were well outside the normal range, particularly for the children living in the rural environment (i.e., a mean blood Mn concentration of 32.8 μg/l compared to an expected normal range of 4-15 μg/l (ATSDR, 2012). The authors of the Nascimento et al. (2016) study attribute the higher than expected blood Mn levels to likely exposure to pesticides containing Mn, noting that the mean blood Mn levels for the same group of children during a period with no exposure to pesticides was more than two-fold lower (i.e., 16.0 μg/l vs. 32.8 μg/l). Because the route of exposure to the pesticides containing Mn in the Nascimento et al. (2016) 
Parameterization and simulation of case studies
To simulate the results from the Lucchini et al. (2012) study, PBPK modeling was conducted for the general population with daily exposure to Mn simulated through multiple routes including air, diet, drinking water and soil. For inhalation exposure, the Mn in the air was the most bioavailable. The particles were assigned a density of 4.86 g/cm 2 , a mass media aerosol diameter (MMAD) of 2.5, and a geometric standard deviation of 1.5. These particle characteristics are consistent with reports from Gentry et al. (2017) . The Multiple-Path Particle Dosimetry (MPPD) Model for particle deposition (ver. 3.01; Applied Research Associates Inc., Albuquerque, NM) estimated deposition fractions of 47.1% in the head and 24.1% in the lung. Oral intake of Mn was due to dietary and water intake. Incidental oral intake from soil and dust accounted for 100 mg/day (Table 5 -1) (USEPA, 2011). Water intake was set conservatively at 2 l per day, and the intake of Mn from drinking water for all subjects was calculated as: 
A 2-l intake is the amount usually used for adults. This is conservative for children since higher intake of water results in more Mn intake via water.
Body weights (Table 2) were obtained from the USEPA Exposure Factors Handbook (EFH) (Table 8-24) based on age (USEPA, 2011). In the Italian study, 19.3% of the children were 11 years old, 33.8% were 12, 40.5% were 13 and the remaining 7.4% were 14 years old (Lucchini et al., 2012) . To simulate individuals of these ages, the adult human model contained body-weight adjusted biochemical and physiological parameters. Distributions of the selected parameters were required to conduct a Monte Carlo simulation with the Mn PBPK model. Distributions of Mn concentrations for oral and inhalation intake by Table 1 Manganese exposure assessment in biomarkers and environmental media (VC, Valcamonica; GL, Garda Lake). Reproduced from Table 1a in Lucchini et al. (2012) Toxicology and Applied Pharmacology 359 (2018) 70-81 geographical area (VC, GL and ALL) were estimated. For all exposure pathways (dietary, soil and dust ingestion, and inhalation), the Mn concentrations reported by Lucchini et al. (2012) were assumed to follow a normal distribution centered around the mean reported by Lucchini et al. (2012) with the standard deviation equal to the inner quartile range divided by 1.35 (Wan et al., 2014) . The reported minimum and maximum values were also used to truncate the distributions. Body weight distributions were normally distributed and were estimated for each record based on the randomly selected age from a weighted empirical distribution. Body weight was the only variable used to adjust the PBPK model to simulate blood concentrations in adolescents. Three sets of randomly selected data were generated from these distributions: 1 each for the VC area, GL area and overall areas. Each set consisted of 1000 records with each containing an estimate of body weight in kg, a dietary intake of Mn in mg/day and an inhalation concentration in ng/m 3 . Each record was then used as input to the Mn PBPK model to estimate a blood Mn concentration.
For both the Wasserman et al. (2006) and Nascimento et al. (2016) studies, Monte Carlo techniques generated data for the Mn PBPK model with each record generated being randomly selected from the supplied data on the concentrations of Mn in drinking water reported. Although the body weight distribution was available in Wasserman et al. (2006) , no such data regarding body weights of the subjects were provided in Nascimento et al. (2016) . For the Nascimento et al. (2016) data sets, as with Lucchini et al. (2012) , USEPA EFH (2011 Table 8 -24) was used as a source for body weight distributions for 6 to 12-year-olds (Supplemental Table S4 ). The amount of water consumed daily was also obtained for both studies from the USEPA EFH (2011 Table 3 -1) that provides age-specific drinking water ingestion rates in ml/kg body weight/day. An estimate for the daily dietary intake was obtained from the supplementary data from Gentry et al. (2017) , which was based on the day 1 estimates from the 2009-2012 National Health and Examination Survey (NHANES) (Gentry et al., 2017) . One thousand records were randomly generated from the distributions, with each record containing a body weight estimate in kg, an estimate of dietary Mn intake in mg/day, and an estimate of drinking water Mn intake in mg/ day. As with the Lucchini et al. (2012) Monte Carlo records, body weight was the only variable used to adjust the PBPK model for use with adolescents from Wasserman et al. (2006) and Nascimento et al. (2016) . In the case of the Nascimento study, either the rural or urban estimates of water concentration were used to estimate the drinking water intake for rural or urban subjects.
Model simulation and analyses
All simulations and analyses for the rat and human Mn PBPK models were performed using acslX version 3.1.4.2 (AEgis Technologies, Huntsville, Alabama). The estimates of the model parameters with the adult rat tissue Mn concentrations were optimized with a version of Gear's stiff algorithm. Model codes are provided in the Supplemental Materials.
Results
Simulation of the pharmacokinetics of Mn in rats following a normalor high-concentration Mn diet
The PBPK model parameters for initial tissue concentrations and maximum tissue binding capacity in each tissue were first fit to be consistent with the tissue concentrations on day 7 or steady-state tissue concentrations in rats on day 61, respectively, following daily administration of 10 ppm Mn in the diet (Foster et al., 2015) (Supplemental Table S3 ). Fractional GI absorption (Fdietup) and Mn biliary excretion rate (Kbilec) were adjusted based on dietary levels (10 ppm for control group and 200 ppm for high-dose diet group) because simulations of the study results from Foster et al. (2015) indicated that homeostatic control of uptake and elimination of Mn are dose-dependent (Table 3 ). The adult rat Mn PBPK model with the adjusted model parameters recapitulated steady-state Mn tissue concentrations on day 61 following administration of 10 ppm (Fig. 3) or 200 ppm (Fig. 4) Mn in the diet to rats.
Simulation of the pharmacokinetics of Mn following a high concentration of Mn in drinking water
Three possible scenarios were examined for the mixed exposure group exposed to Mn in diet at 10 ppm and drinking water to give the equivalent of total dose of Mn (mg Mn/kg/day) as the group with the 200 ppm Mn diet. Among the three simulation scenarios, the one using the same values for the fractional uptake (Fdietup) and biliary excretion (Kbilec) parameters as the group with the 200 ppm Mn diet (Table 3) adequately described the time course data of Mn tissue concentrations in the high Mn drinking water group (Fig. 5) . These model simulations indicate that homeostatic control of gut uptake and biliary excretion of Mn primarily depends on total ingested Mn amount (mg Mn/kg/day) rather than whether the source of Mn is solid food or water. (Simulation #3 inFig. 5). Accordingly, the input Mn dose in the model was refined to reflect total Mn intake using the nominal food or water Mn concentration (ppm Mn) and the amount of food or water intake (g food or ml water/kg body weight/day) to derive the total Mn ingestion rate (mg Mn/kg body weight/ day). This input is the sum of the amount of Mn intake from both diet and drinking water. The rate of gut absorption Table 2 Ages and associated body weights used in the simulation of the human drinking water studies (Wasserman et al., 2006; Lucchini et al., 2012 Mn group (mg Mn//kg/day) were used to determine the weekly Mn concentrations needed in the drinking water to provide a similar exposure (mg Mn/ kg/day) based on the average weekly water consumption rate and body weights in the high-dose Mn drinking water group (Foster et al., 2015) .
(μg/h) and the rate of biliary excretion (l/h) of Mn are described to be dependent on the total ingested rate of Mn in the current model as shown below. 
Simulation of human datasets
The model simulations of concentrations of Mn in the blood using the Monte Carlo datasets for exposure derived from the data in the Lucchini et al. (2012) publication, showed only slight differences between the datasets derived for the VC and GL area or the combined areas (Fig. 6) . The statistics for the PBPK model predicted blood concentration estimates (Table 5) (Table 4 ) of 12.8 ± 3.2 μg Mn/l of blood are even closer to the values predicted by the PBPK Model of 9.9 ± 3.3 μg Mn/l of blood (Fig. 7) .
The simulation of Nascimento et al. (2016) illustrates the importance of an accurate understanding of the exposure levels to properly interpret population study dataThe values predicted by the Mn PBPK model using the Monte Carlo dataset derived from the Nascimento et al. (2016) data for both rural and urban subjects are only about 20% of the values reported in Nascimento et al. (2016) (Supplemental Table S5 and Supplemental Fig. S1 ). Since the Nascimento et al. (2016) study had much lower water concentrations (mean of 18.5 μg/l in rural areas and 1.3 μg/l in urban areas) than the Wasserman et al. (2006) study (mean of 795 μg/l) and the rural blood Mn measured concentrations are more than double the blood Mn Fig. 3 . Simulated Mn concentrations in rat tissues compared with experimental data following 10 ppm Mn diet (Foster et al., 2015) . Fractional gut uptake (Fdietup) and biliary excretion rate constant (Kbilec) were previously estimated to be consistent with the experimental data (Fdietup = 0.032, Kbilec = 0.0027).
concentrations seen in the other two studies, the subjects in the Nascimento et al. (2016) study may have had significant exposures to Mn via routes of exposures other than drinking water (e.g., diet, Mncontaining pesticides) that were not reported by Nascimento et al. (2016) . Indeed, blood Mn concentrations in the Nascimento et al., study are similar to or even higher than those measured in welders with ongoing Mn inhalation exposure (Ramoju et al., 2017) .
Discussion
Since Mn is an essential element, homeostatic control mechanisms play an important role in retaining Mn with low dietary intake and regulating uptake and excretion at higher Mn dietary intake (Schroeder et al., 1966) . Adaptive physiological changes in response to excess oral Mn exposure include reduced fractional GI uptake and increased biliary excretion . While cases of neurological toxicity to animals and humans were reported after exposure to Mn by inhalation or by intravenous instillation during total parenteral nutrition (Cook et al., 1974; Langauer-Lewowicka and Kujawska, 1974; Levy and Nassetta, 2003) , it is less likely that oral Mn exposure causes toxicity due to the known control of its uptake in the gut (Nong et al., 2009; Teeguarden et al., 2007a) .
Mn naturally occurs in both surface and groundwater sources, but human activities can also be responsible for water Mn contamination (WHO, 2004) . In general, ingested dietary Mn has not been a large concern due to GI absorption being limited by homeostatic control mechanisms. However, there is uncertainty related to Mn bioavailability via drinking water intake. To derive a possible health-based Mn guideline value for drinking water quality of 400 μg/l from a NOAEL of 11 mg Mn/day of Mn in food, the WHO used an uncertainty factor of three to allow for the possible higher bioavailability of Mn when ingested in drinking water compared to food (WHO, 2004) . Despite the uncertainty related to Mn bioavailability via drinking water intake, the current Mn guideline value is considered to be in a safe range for adolescents and adults due to adequate homeostatic controls Ljung and Vahter, 2007) . Several countries and regions are (Foster et al., 2015) . Rats in this group were acclimated on the 10 ppm Mn diet for one week prior to beginning the 200 ppm Mn diet on day 0. Fractional gut absorption (Fdietup) and biliary excretion rate constant (Kbilec) were adjusted to be consistent with the experimental data (Fdietup = 0.0035, Kbilec = 0.0054). also exploring adding a "regulatory limit" for Mn in drinking water. For instance, Canada has recently proposed a maximum acceptable concentration (MAC) of 0.1 mg/l (HealthCanada, 2016) . The PBPK models could be useful in helping to determine a concentration in drinking water that will not cause target tissue concentrations to exceed normal background concentrations and in helping to eliminate generic uncertainty factors for human variability in pharmacokinetics and replace them with chemical specific adjustment factors (CSAFs).
For infants and children, potential differences in the bioavailability of drinking water Mn could be of a greater concern. This is due to potentially higher exposure resulting from a higher water consumption rate than adults, and age-specific diet sources which may contain or be fortified with minerals including Mn, (e.g., milk, juices, etc.). In addition, a number of studies have suggested an association between Mn exposure from drinking water (and other sources) and neurotoxicity, particularly in children (Bjorklund et al., 2017; Nascimento et al., 2016; Oulhote et al., 2014; Wasserman et al., 2006) . However, the majority of these studies are cross-sectional in design, have modest samples sizes, and are missing some key confounders such as exposure to other potential toxins (ATSDR, 2012; Menezes-Filho et al., 2009; Vollet et al., 2016) . Therefore, there are questions as to whether the associations that were reported in the studies between Mn exposure and developmental neurotoxicity are of a causal nature. In addition, the results from these studies are mixed, and some studies have found no clear indication of an association between Mn in drinking water and cognitive development .
There are also concerns about the lack of a validated Mn biomarker, although multiple Mn biomarkers including saliva, hair, blood, plasma, Fig. 5 . Simulated Mn concentrations in rat tissues compared with experimental data from rats following exposure to a high concentration of Mn in drinking water. Rats in this group were acclimated on a 10 ppm Mn diet for one week prior to beginning the high water Mn exposure on day 0. This exposure was designed to give a total ingested Mn dose (10 ppm Mn food plus high Mn concentration in drinking water) equivalent to the Mn intake from a 200 ppm Mn diet. The curve for simulation #1 represents model simulations based on hypothesis that background 10 ppm diet determines homeostatic control of Mn gut uptake via drinking water (Fdietup = 0.032 and Kbilec = 0.0027). The curve for simulation #2 represents model simulations based on hypothesis that the bioavailability of Mn from drinking water is greater than that from diet (Fdietup = 0.02 and Kbilec = 0.0054). The curve for simulation #3 represents model simulations based on hypothesis that the total ingested amount of Mn is the determinant of homeostatic control of Mn uptake by using the same estimates of Fdietup and Kbilec used to simulate rats fed a 200 ppm Mn diet (Fdietup = 0.0035 and Kbilec = 0.0054).
and toenails are being explored (Coetzee et al., 2016; Hoet et al., 2012; Ntihabose et al., 2018) . Due to the lack of a validated biomarker, it is difficult to correlate the external concentration of Mn from multiple sources including air, diet, and drinking water, with internal Mn concentrations, particularly at target tissues. The ability to evaluate whether changes in external concentrations from different sources will lead to changes in tissue concentration in target tissues is one of key benefits of the PBPK model. Lucchini et al. (2012) data to define distributions of exposure (Mn exposure in water, air and soil) and NHANES data to define age specific body weight and dietary assumptions. (A) Red vertical line shows PBPK model-predicted mean of 6.9 μg/l using all the Lucchini et al. (2012) data. Red normal curve approximates Lucchini et al. (2012) reported mean and STD (11.11, 3.03 ) for the measured Mn in blood (μg/l). (B) Red vertical line shows PBPK model-predicted mean of 6.9 μg/l using the VC area Lucchini et al. (2012) data. Red normal curve approximates Lucchini et al. (2012) reported mean and STD (10.99, 3. 3) for the measured Mn in blood (μg/l). (C) Red vertical line shows PBPK model-predicted mean of 6.9 μg/l using the GL area Lucchini et al. (2012) data. Red normal curve approximates Lucchini et al. (2012) reported mean and STD (11.24, 2.89 ) for the measured Mn in blood (μg/l). Mn in blood was measured by Zeeman graphite furnace atomic absorption spectrometry in Lucchini et al. (2012) . (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
Our modeling analysis of the Mn tissue concentrations in rats from the Foster et al. (2015) study is the first attempt to evaluate (1) the bioavailability of Mn from drinking water as compared to that from diet and (2) the homeostatic control of Mn uptake and tissue kinetics after drinking water exposure. The Foster et al. study showed that the different modes of oral ingestion, diet vs, drinking water, did not result in significant differences in steady state tissue Mn concentrations. Built on that data, PBPK modeling provided an opportunity to conduct a mechanistic evaluation including the evaluation of the homeostatic control in the gut. Using previously estimated sets of fractional absorption (Fdietup) and biliary excretion (Kbilec) from studies using rats fed normal rat chow (Nong et al., 2009) , it was possible to recapitulate the steady-state Mn concentration in tissues on day 61 following administration of 10 ppm in the diet of rats in this more recent study (Foster et al., 2015) . However, for successful simulation of the 200 ppm dietary exposure, the fractional uptake parameter (Fdietup = 0.0035) was larger than that used with a 125 ppm diet exposure (0.0027) by Nong et al. (2009) . The same estimate for biliary excretion (Kbilec = 0.0054) that worked with the 125 ppm diet still worked with the 200 ppm results. Despite these small differences in parameters across these two different studies, our simulations showed that as Mn dietary level increases from 10 ppm to 200 ppm, the fractional dietary uptake decreases and biliary excretion increases with increasing dietary intake regardless of whether the increase in Mn is by food or drinking water (Table 3) .
To demonstrate the application of the updated human model for use in accessing potential risks of Mn exposure through combination of dietary Mn, drinking water and inhalation, we exercised the model to simulate drinking water exposure reported in human population studies. Obtaining the appropriate datasets was challenging since our intention was not only to simulate the drinking water intake, but also to test the validity of the new description for total exposure through oral ingestion including both food and drinking water. Most of the publications that were identified in the peer-reviewed literature do not provide enough detail to be able to adequately describe the potential intake of Mn from multiple routes of exposure in combination with biomarker data, such as blood concentrations, that can be used to evaluate the model. The congruency between model-simulated and reported blood concentrations demonstrated by the simulation of Lucchini et al. (2012) study is encouraging, especially because that study reported the estimates of Mn exposure through multiple routes/ sources. Further increasing confidence in the updated oral exposure, the model reproduced the Wasserman et al. (2006) measured blood Mn concentrations within a 30% difference. However, the less successful simulation of Nascimento et al. (2016) data indicates the importance of obtaining exposure information for Mn from all the sources in order to access the major contributors to potential health effects. Indeed, benchmarking to other human data for basal blood concentrations such as reported in (Ramoju et al., 2017) indicates that the Nascimento et al. population may have been exposed to Mn at higher daily exposure levels than the other two studies simulated here, potentially due to their Brazilian diet rich in vegetables and tubers. In addition, the Mn-containing fungicide Mancozeb is used in Brazil and represents a potential source of exposure to Mn (Nascimento et al., 2016) . In fact, the collection of biological samples in the Nascimento et al. study was timed to occur just after the period of pesticide application to evaluate the potential influence of environmental Mn exposure on children. These factors could explain why the Mn blood levels were underpredicted by the PBPK model for the Brazilian children reported in Nascimento et al. (2016) and why the Mn blood levels in this study were significantly higher than the Mn blood levels in the other two studies.
In addition to more complete exposure information, obtaining exposure factors and physiological parameters of the target population rather than using the generic population data could increase the accuracy of internal exposure estimates. Accounting for possible population-or age-specific differences in dietary uptake or other physiological parameters that could affect Mn kinetics may improve the model performance. These factors include age-specific tissue binding characteristics, as demands of Mn in each tissue during rapid growth may differ from those in older children and adults.
In conclusion, our modeling of the drinking water uptake studies in rat demonstrated that homeostatic control of Mn GI uptake is effective for either drinking water or dietary intake. In addition, our results suggest the oral Mn bioavailability is similar for diet and drinking water exposure in the gut, supporting the use of total ingested Mn (diet plus drinking water) in the PBPK model instead of separating diet and drinking water exposure. Based on the conclusion from rat modeling of drinking water exposure, the human model was refined to describe oral exposure using the total ingested amount instead of exposure media specific concentrations of Mn. While it should be noted the model is not designed for simulating oral Mn exposure outside of a range considered as normal daily intake (i.e.,1-10 mg Mn/day), the model can now simulate human population exposure to Mn for a wide range of exposure scenarios, including the daily fluctuation due both to food and drinking water exposures. This addition increases the utility of the human Mn PBPK models for human health risk assessment.
Funding
This work and publication are based on studies sponsored and funded by Afton Chemical Corporation in satisfaction of registration requirements arising under Section 211(a) and (b) of the Clean Air Act and corresponding regulations at 40 CFR Substance 79.50 et seq. 
